Abstract: A complete interferometric Synthetic Aperture Radar (SAR) simulator has been developed. It achieves precise results by using geodetic models to represent the Earth's shape, and considering SAR effects such as range migration, Doppler shifts, or perturbations of movement in the airborne case, which are included via the inverse Extended Chirp Scaling Algorithm (ECSA).
INTRODUCTION
SAR raw signal simulation, its problems and its advantages in regard to the optimization of SAR system parameters and the development and validation of new processing and interferometric algorithms have been widely discussed in the literature (e.g, [ 1 I). To sum up, simulation allows the control of a great variety of, not only system configurations, (sensor trajectories, PRFs, squint angles ...) but also of scene characteristics (roughness, slope, permitivity ...) in a parametric manner. In this paper a complete simulation scheme is presented, which is able to deal with all kind of SAR sensors, not only spaceborne as considered iraditionally, but also airborne by means of the inclusion of its own differential characteristics.
GEOMETRICAL AND SURFACE MODEL
Many geometrical models can be selected to simulate a SAR mission. Options with an easy solution, such as flat or spherical Earth, are good enough in several situations in which a higher precision is not required. However, for this simulator a more accurate model has been chosen: the elliptical model. This model allows naturally the use of standard cartographic coordinates systems, and thus the results can be easily related to geodesic coordinates [4] .
The main input of a simulator, from the geometrical point of view, should the platform position for every point in the space from where the system has transmitted a pulse. In this simulator some possibilities have been implemented. On the one hand, for the spaceborne case it is possible to provide the algorithm with orbit information given by five state vectors (as the Precise Orbit files of the ERS-1/2 satellites), which include position and velocity components at equally spaced mission times. Starting from these state vectors, position data at every azimuth time is obtained by means of interpolation.
On the other hand, in the airborne case the procedure accepts two values as an input: a constant altitude over the ellipsoid and the heading with respect to the north, since these two values are enough to represent a nominal trajectory. One important remark is the following: an airborne simulator must be designed to include the coordinates of a true flight, with possible deviations of position and attitude from the nominal straight track. In our implementation this has been done during the inverse SAR processing (see next section), by means of the inclusion of several steps to distort the nominal impulse response. Therefore, the airborne slant-range reflectivity will simulate a correctly focused image, while the effect of platform deviations has been included in the second part of the algorithm. Indeed, this solution can be considered the most accurate one, since the real airborne raw data are not distorted in the image domain but in the signal domain.
Regarding the information to characterize the terrain itself, the required data is the digital elevation map (DEM), as well as the electromagnetic characteristics of the terrain which is being simulated (permitivity E or conductivity 0).
Once the Earth's shape and the SAR location are modeled, an important stage is to calculate each facet's vertex position. This can be done for every position of the trajectory by defining a plane in the looking direction, perpendicular to the forward axis (zero-Doppler geometry). Its intersection with the Earth is an ellipse that contains all facets' vertexes in the range direction. This ellipse, projected to the UTM plane, follows a nearly straight line where all height data is available (Fig. 1) . In this process it is necessary to account for the transformations from values given in a three-dimensional Cartesian axis to UTM coordinates using the appropriate formulation [4] .
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The SAR sensor moves to the next position in azimuth and the operation is repeated. Every range-line is assumed independent as if the SAR was sensing in a start-stop mode. When every vertex coordinates are known, their height and permitivity values can be assigned interpolating the grid data.
The next point to consider is the electromagnetic characterization of the individual facets, which has been based on a surface model assuming a backscatter far-field solution using physical optics. Finally, the simulator also includes the effect of the speckle noise, which has been considered by adding a Gaussian distribution to the height values of the scene, so that its summation results in a Rayleigh distribution on the intensity image [ 13.
GENERATION OF SAR RAW DATA
angle as a function of range and Prer is the squint angle for the reference distance. As it can be noticed, (1) is applied in the range frequency domain, to compensate not only the phase but also the modulus position for a given reference distance.
Equation (2) is employed to account for the range variation of the movement. They both contain the function Arperp(t, r), which is the deviation of the sensor with respect to the nominal straight track, measured in the slant range zeroDoppler plane. It can be approximated by:
b p e V ( t , r ) = A&). si~(e,)-~(t).cos(eL) (3) where the symbols are defined as in Fig. 2 . The presence of the squint angle is included in the geometry and, thus, the correct line of sight distance is given by Ar,7erp(t,r) multiplied  by cas(p(r) ), as appears in (1) and (2).
Once the reflectivity map of the terrain is obtained, the following step is to generate the SAR raw data. In order to emulate the SAR impulse response of a scatter situated in any point of the swath, we can consider to use methods of a SAR processing algorithm in an inverse way. In this simulator an inverse version of the ECSA has been implemented.
The ECSA algorithm is widely described in [3] , thus, in this paper we will only explain the main differences. Basically, in this implementation we have used the conjugate functions of the standard algorithm in an inverse order, considering the appropriate curvature factor, effective chirp rate, secondary range compression along with other parameters. An important difference between the simulation and the processing schemes is the motion compensation. In general, the motion is compensated by the calculation of a phase term which represents the variation between the nominal and the real position of the antenna on the line of sight direction, also called LOS (line-of-sight) displacement. From the processor point of view, this phase term is applied twice, before the range compression for a reference range distance (first order motion compensation) and once the signal is focused in range (second order), which ensures the correct positioning of the compressed signal. - In our implementation, the following functions for motion compensation are considered:
where A is the wavelength, c the speed of light, t is the azimuth time, f the range frequency, r the distance to the target, rre, is the reference range distance, lJ(r) is the squint Fig. 2 . Airbome SAR geometry
The problem of the SAR processor is that it must apply (1)-(3) without having a precise knowledge of the look angle e, , since it depends on the unknown target's height hTG. As a result of this, a reference height must be used and some errors can be introduced [ 5 ] . However, from the simulation point of view, the second-order compensation is applied at the initial stage, and the terrain relief which is being simulated is known perfectly. Therefore, all the functions can be employed without flat-Earth approximations.
INTERFEROMETRIC SIMULATOR
There are two main techniques to simulate an interferogram. It can be obtained as the phase difference between two images, being each one the output of a simulator as the one described above. Another way consists of evaluating the difference of distances between the position of each antenna and every point of the simulated scene. This difference of paths can be converted into a differential phase value. This technique presents one great advantage: it is not necessary to calculate the reflectivity values (facets model of previous sections).
However, if a real interferogram must be simulated, it is not enough to compute the range distances; realistic noise sources must be considered [ 2 ] . The simulation of these sources of errors is based on the coherence 'y, which is defined as the cross correlation between the received fields from a same point in the observed scene. The analytical development of the coherence results in the following expression for its absolute value:
where the most important noise sources have been taken. into account: the signal-to-noise ratio SNR, the azimuth and ground-range mis-registration (Ax and Ay), the azimuth and ground-range resolution (6, and S,) , the normal baseline B,, the baseline mode p , the slant-range resolution S,, the Doppler centroid difference between channels AA. and the azimuth bandwidth B<,z. The local terrain slope is included in 0,.
Equation (4) can be employed to simulate the noise for every pixel in order to obtain an interferogram with the same decorrelation statistics as a real one.
RESULTS
To evaluate the simulator performance some SAR images have been generated. The image in Fig. 3 is obtained with our simulator from a real DEM corresponding to an area of 7 km x 7 km near Asc6 (Tarragona, Spain). The vertical direction corresponds to the azimuth coordinate, whereas the horizontal axis is the range one. The permitivity map has been also considered constant except for the Ebre river, where low values have been assigned. Geometrical distortions produced by the relief such as foreshortening and layover can be appreciated as well as the effect of speckle.
This image has been compared to an ERS-1 processed SLC, acquired on September 12, 1991. Radiometric values are basically the same, and differences are mainly caused by the use of a constant permitivity map in Fig. 3 . Displacements between the two images have been also evaluated, obtaining a range precision better than 2 pixels, which gives an idea of the adopted Earth model precision. In azimuth both images match by adjusting the ERS-1 mission times.
Precision in the second simulation phase has been evaluated by comparing the impulse response phase generated via the With respect to the interferogram simulator, it has been evaluated by means of airborne data acquired by the DLR's E-SAR system [6] . After geocoding X-band data to a UTM grid, a DEM of the testsite of Oberfaffenhofen (Germany) is available as an input for the simulator. The result is a realistic interferogram, comparable to the real one, whose fringes contain the major sources of noise. 
CONCLUSIONS
A complete SAR signal simulator frame has been presented. It can be applied in the frame of satellite missions as well as airborne sensors, with the correct geometric and electric features for each case. Moreover, it is devoted not only to generate information with respect to reflectivity, but also to compute realistic interferograms including the main factors, what makes the simulator a powerful tool to design the parameters for topographic reconstruction.
